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Abstract
The Ultrasound Velocity Profiling (UVP) technique allows real-time, non-invasive flow mapping of a fluid along a 1D-meas-
uring line. This study explores the possibility of using the UVP technique and X-ray video-fluoroscopy (XVF) to elucidate 
the deglutition process with the focus on bolus rheology. By positioning the UVP probe so that the pulsed ultrasonic beam 
passes behind the air-filled trachea, the bolus flow in the pharynx can be measured. Healthy subjects in a clinical study swal-
lowed fluids with different rheological properties: Newtonian (constant shear viscosity and non-elastic); Boger (constant shear 
viscosity and elastic); and shear thinning (shear rate-dependent shear viscosity and elastic). The results from both the UVP 
and XVF reveal higher velocities for the shear thinning fluid, followed by the Boger and the Newtonian fluids, demonstrating 
that the UVP method has equivalent sensitivities for detecting the velocities of fluids with different rheological properties. 
The velocity of the contraction wave that clears the pharynx was measured in the UVP and found to be independent of bolus 
rheology. The results show that UVP not only assesses accurately the fluid velocity in a bolus flow, but it can also monitor the 
structural changes that take place in response to a bolus flow, with the added advantage of being a completely non-invasive 
technique that does not require the introduction of contrast media.
Keywords Deglutition · Deglutition disorders · Rheology · Ultrasound · Video-fluoroscopy · Fluids
Introduction
The rheological properties of the bolus profoundly influ-
ence the swallowing process in normal individuals and those 
suffering from dysphagia, i.e. abnormal swallowing [1, 2]. 
People with normal swallowing function adjust to the bolus 
rheology, which is a manifestation of the internal resistance 
to flow [3]. As low-viscosity fluids deform and flow with a 
higher velocity during swallowing, they may enter into the 
larynx if the laryngeal closure does not occur in a timely 
fashion [4, 5]. The rapid transport of the bolus during the 
pharyngeal phase of swallowing is challenging to handle for 
patients who are suffering from dysphagia [5]. It is widely 
accepted that the closure response of the airways is too slow 
to react adequately to the rapid flows of thinner liquids [6].
Patients who are suffering from dysphagia are restricted 
to consuming thickened fluids, which is a well-established 
food-based strategy for the management of dysphagia [7]. 
The fluids that are served to these patients are thickened 
with commercially available powdered thickeners [8]. The 
rationale for adding the thickeners is based on the concept of 
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increasing bolus viscosity, thereby decreasing bolus velocity 
during swallowing [4, 9]. This enables individuals who are 
suffering from dysphagia to perform the necessary muscular 
adjustment to the fluids being swallowed. However, a bolus 
of high viscosity requires the application of an additional 
force to push it through the oropharyngeal apparatus. Moreo-
ver, a bolus of high consistency that cannot be handled by 
the abnormal swallowing mechanism of the patients may 
lead to complications with food residues [10, 11]. Therefore, 
high consistency is not the only factor that promotes the 
safety of swallowing in individuals who are suffering from 
dysphagia.
Some studies [7, 12, 13] have suggested that a food bolus 
is subject to extensional deformation (elasticity), in addition 
to shear deformation, as it is compressed between the tongue 
and the palate. This results in the bolus being stretched with-
out being disintegrated as it approaches the pharynx, due to 
it being more cohesive. In our previous study [6] performed 
on patients with swallowing disorders, we have shown that 
the patients responded better to the fluids that had elastic 
properties. Swallowing function with respect to fluid exten-
sional viscosity has not been studied as intensively as fluid 
shear viscosity [12, 13].
Besides the technical issues associated with measuring 
extensional viscosity, it is very difficult to study and present 
the effect of pure elasticity. Most of the thickened fluids 
possess both shear and elastic components and, thus, are 
viscoelastic. Boger fluids (named after its inventor, David 
Boger, who introduced the concept in 1977) are fluids that 
possess high-level elasticity and have a constant shear vis-
cosity, i.e. one that is independent of the shear rate [14]. The 
main difference between Newtonian and Boger fluids is that 
Boger fluids are highly elastic, while Newtonian fluids lack 
the elastic component. Therefore, pure elastic effects can 
be separated from pure viscous effects by comparing the 
results acquired using a Boger fluid and a Newtonian fluid 
simultaneously [15].
Examination of the swallowing function with respect to 
bolus rheology can be performed using ultrasound-based 
techniques, such as the Ultrasound Velocity Profiling (UVP). 
The UVP technique measures the velocity of a moving parti-
cle suspended in a fluid using the pulsed ultrasound velocity 
profiling methodology and the Doppler effect [16, 17]. To 
trace the velocity, the reflector must be moving with non-
zero velocity either into or away from ultrasound beam axis. 
The shift in frequency is measured using Eq. (1):
where fiDoppler is the Doppler shift frequency, c is the ultra-




ultrasound transducer, and cos is the Doppler angle, i.e. the 
angle between the ultrasound beam and the moving particle.
Using the UVP technique, Hasegawa et al. [18] meas-
ured the velocities of yoghurt and water during pharyngeal 
transport. Water, which often causes aspiration during swal-
lowing, travelled with a velocity of 0.5 m/s, while the veloc-
ity of yoghurt during pharyngeal transport was recorded as 
0.2 m/s. Similarly, Gao and Kohyama [19] used the UVP 
technique to examine the influence of water volume on bolus 
kinematics. In that study, they concluded that reducing the 
volume of the water caused the passage time and the bolus 
velocity in the oesophagus to decrease.
To the best of our knowledge, no study has been per-
formed to date in humans using a UVP technique that 
assesses the influence of rheology, and in particular fluid 
elasticity, on bolus kinematics in parallel with X-ray video-
fluoroscopy (XVF). Thus, the aim of the present study was 
to determine, using simultaneous UVP and XVF, the veloci-
ties and structural changes that occur in response to the flows 
of boluses that have different rheological properties.
Subjects and Methods
Subjects
XVF study was conducted on three healthy subjects (1 
female, 2 males), age range 34–56 years. All the subjects 
signed an informed consent form approved by the Swedish 
Ethical Review Authority. The approval number for the ethi-
cal review is Dnr 2019-00,435 (2018/1042).
Fluids and Rheological Properties
The Newtonian fluid was based on Maltodextrin (Dextrose 
equivalent 12) from AVEBE Food (Veendam, The Nether-
lands), while the Boger fluid comprised 200 ppm of xanthan 
gum (Grindsted Xanthan Clear 80; Danisco France SAS, 
Melle, France) as the elasticity-providing polymer. The final 
viscosities of the Newtonian and Boger fluids were ~ 150 
mPas. The commercial thickener Nutilis (Nutricia Nordic 
AB, Stockholm, Sweden) was included as the shear thinning 
fluid and was thickened to nectar-consistency according to 
the manufacturer’s guidelines.
The final viscosity was set to be within the nectar-thick 
consistency range (50–350 mPas) following the National 
Dysphagia Diet (NDD) scale. An appropriate amount of 
powder was added to adjust the viscosity to 150 mPas at 
a shear rate of 50 s−1, such that all the model fluids had 
the same viscosity of ~ 150 mPas at a shear rate of 50 s−1 
(Table 1).
All values shown are means of three replicates ± SD, 
while the Power-law relation is 𝜂 = K?̇?n−1 . The viscosities 
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of the three model fluids are ~ 150 mPas at a shear rate of 
50 s−1, while the viscosity of the contrast media is ~ 37 mPas 
at 50 s−1.
To achieve radio-opacity, an iodinated contrast media, 
OMNIPAQUE™ (GE-Healthcare, Stockholm, Sweden) was 
mixed with the model fluids at a 1:1 ratio.
Measurement of Shear Rheology
To measure the shear viscosity, an ARES-G2 rheometer (TA 
Instruments, New Castle, DE, USA) was used. The geom-
etry used in the analysis was cone and plate. The diameter 
of the cone was 40 mm and the cone angle was 0.04°. The 
shear rate was varied within the range of 1–1000 s−1 while 
the measurements were made at room temperature (25 °C).
Measurement of Extensional Rheology
The extensional viscosities of the thickened solutions were 
determined using the Hyperbolic Contraction Flow (HCF) 
system mounted on an Instron 5542 (Instron Corp., Canton, 
USA). The HCF method is described in detail elsewhere 
[19–21].
X‑ray Video‑Fluoroscopic Examination
The XVF examination was performed in lateral projection 
and stored in the Picture Archiving and Communication Sys-
tem (PACS) of the x-ray instrument (MultiDiagnost Eleva 
FD; Philips, Eindhoven, The Netherlands). Recording at 16 
frames per second (fps) was used. The SECTRA version 
IDS7 (Linköping, Sweden) PACS allowed calculations of 
the speed of movement of the bolus head and tail (the lat-
ter being equivalent to the contraction wave) through meas-
urement of the distances that these structures (bolus head 
and tail) moved between frames.
Ultrasound Velocity Profiling
In this work, an ultrasound (US) system from Incipientus 
Ultrasound Flow Technologies AB (Gothenburg, Sweden) 
was used. A 4-MHz US transducer based on a single active 
element was utilised. The frequency and transducer types 
were used based on their suitabilities to measure in relatively 
small, shallow organs such as the pharynx. The subjects sat 
in an upright position and the US probe was placed against 
the neck at a caudate angle of between ~ 30 and 40° to the 
posterior pharynx wall in the lateral projection (Fig. 1). The 
US probe was directed to the lower pharynx. The correct 
location in the pharynx for measuring the bolus flow and the 
angle of the measurement were determined in the presence 
of experienced practitioners. Determination of the Doppler 
angle was crucial to calculating the velocities in the pharynx.
In a previous study [3], the US pulse was directed at an 
upward angle of 60°. Similarly, in another study [18], the 
probe was manually placed at an angle of 35° against the 
necks of the subjects. In the present study, extra care was 
taken for the determination of the Doppler angle from the 
acquired video-fluoroscopy images (Fig. 1), as well as in 
the x-ray images using the SECTRA version IDS7 software, 
with confirmation using the open-source image processing 
software Image J. Thus, we were able to assess the varia-
tions in the determinations of the correct angle for individual 
swallows, thereby eliminating the human error. The angle 
determines the reported velocity as expressed in the direc-
tion of the bolus flow.
The subjects were instructed to hold in their mouth 15 ml 
of the pre-measured given fluid and to swallow the aliquot 
in a single go (temperature, 23 °C). Three sips of each fluid 
were taken by each subject.
Analysis of the Bolus Head Velocity and Velocity 
of the Contraction Wave Following the Bolus 
and Pre‑swallow Pharyngeal Movement
The measured velocity profiles were analysed for vari-
ous parameters of clinical interest, such as the Bolus head 
velocity (the maximum velocity that the tip of the bolus 
achieves), the velocity of the contraction wave (the move-
ment recorded by the US transducer as the main bolus trans-
port takes place), and the initial movement (pre-swallow 
spike of the velocity of the pharynx prior to bolus entry into 
the pharynx), as shown in Fig. 2. The total number of veloc-
ity profiles differed for each subject due to the swallowing 
process being different for individuals. Thus, the required 
sampling rate was also different. It was possible to measure 
Table 1  Power-law parameters (K and n) of the given three fluids (mixed with the contrast media at a 1:1 ratio) and of the contrast media used in 
the current work
All values shown are means of three replicates ± SD, while the Power-law relation is 𝜂 = K?̇?n−1 . The viscosities of the three model fluids 
are ~ 150 mPas at a shear rate of 50 s−1, while the viscosity of the contrast media is ~ 37 mPas at 50 s−1
Shear thinning Boger Newtonian Contrast media
K (mPa.s)n 230.00 ± 0.00 240.00 ± 12.00 170.00 ± 53 60.00 ± 17.00
n 0.68 ± 0.08 0.88 ± 0.01 0.92 ± 0.07 0.91 ± 0.07
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a maximum of 512 velocity profiles with the current meas-
urement system.
The UVP instrument performs measurement along a 
pulsed beam axis, while the sampling data are recorded in 
multiple spatial positions called “gates” or “channels”.
The data presented in Fig. 2 are from a single-element 
transducer and were acquired along a single line over a 
short period of time. The initial upward movement of the 
pharynx prior to bolus arrival is visible in Fig. 2. The 
contraction wave is shown towards the end of the meas-
urement as a series of small-amplitude oscillations in the 
data. The sampling rate for the US signals was100 MHz. 
However, the total time per profile was 47 ms.
Fig. 1  Image on the left is an example showing probe positioned at an 
angle and bolus flow during pharyngeal transport taken at the coronal 
plane. The scale bar (23.98 mm) in the image visible as a black circle 
is from a coin placed on the subject during the actual measurement. 
Image on the right shows the positioning of the transducer while 
measuring on the healthy subjects
Fig. 2  3D diagram demon-
strating different movement 
recorded during pharyngeal 
bolus transport using a single-
element transducer along a 
single measurement line. The 
movements recorded with the 
ultrasound transducer were in 
the order: initial pharynx move-
ment, movement of the bolus 
head and the contraction wave 
following the bolus (in the form 
of series of small-amplitude 
oscillations). The velocity of 
the bolus head was measured 
in the direction away from the 
transducer
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Statistical Methods
All statistical analyses were performed using the Stata MP 
15 or Microsoft Excel 2010 software. Two outcomes were 
evaluated: (a) bolus tip velocity (m/s); and (b) contraction 
wave speed (mm/s). Univariable and multivariable linear 
regression models were fitted for outcomes to identify mean 
difference between the fluids and the techniques used.
Results
Extensional Rheology
Fluid elasticity was expressed as the extensional viscosity 
determined by the HCF method (Fig. 3). The commercial 
thickener Nutilis fluid used in the clinical study that showed 
thinning behaviour in shear deformation also showed 
extension thinning behaviour, i.e. the extensional viscosity 
decreased with increasing extension rate, as found previ-
ously [6]. The Boger fluid was less-elastic than the shear 
thinning fluid at lower extension rates (< 10 s−1) and demon-
strated less extension thinning than the shear thinning fluid 
(flow index: for Boger fluid, n = 0.81 and for shear thinning 
fluid, n = 0.35). The Newtonian fluid demonstrated no elas-
ticity and therefore is not shown.
It is worth mentioning that although the shear thinning 
fluid showed higher elasticity at low extension rates, it is still 
not purely elastic but instead is viscoelastic and its influence 
on swallowing performance might reflect a shear thinning 
behaviour. Extensional rheology has been suggested by sev-
eral groups as a factor that promotes safe swallowing [6, 7, 
13, 22]. However, there are relatively few publications on 
this important material property with respect to safe swal-
lowing. There is currently no study in the literature that takes 
the extension rate during swallowing into consideration. In 
the present study, the discussion on extensional rheology is 
restricted to whether or not the extensional viscosity can be 
detected using the UVP technique.
Velocity of the Bolus Head
Figure 4 shows the velocities acquired using both the XVF 
and UVP techniques during pharyngeal bolus transport.
With the UVP technique, the highest velocities of the 
bolus head were recorded in the shear thinning fluid, fol-
lowed by the Newtonian fluid and Boger fluid. However, 
these differences in the mean bolus head velocities were 
not statistically significant (Newtonian fluids compared to 
Boger fluids (p = 0.722); shear thinning fluids compared to 
Boger fluids (p = 0.462). With the XVF method, the veloci-
ties of the bolus head were highest for the shear thinning 
fluid, followed by the Boger and Newtonian fluid. However, 
no significant differences in the mean bolus head velocities 
between different fluids (Table 2; Supplementary Table S1) 
were recorded.
Overall, for the three fluids examined, lower velocities 
were noted with the XVF technique compared to UVP. 
These differences were not statistically significant (Newto-
nian fluids: p = 0.057, shear thinning fluids: p = 0.306 and 
Boger fluids: p = 0.201).
The results indicate the UVP technique is as sensitive 
as or superior to XVP with respect to the measurement of 
velocities during pharyngeal bolus transport.
Velocity of the Contraction Wave that Follows 
the Bolus
The velocity of the contraction wave that clears the phar-
ynx [23] was calculated using XVF and compared with the 

















































Fig. 4  Measured velocities of the bolus head using XVF and UVP 
in the Newtonian (N), Boger (B), and shear thinning (ST) fluids. The 
given values are the average of three replicates acquired from three 
subjects
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results of the UVP measurements suggested that this veloc-
ity is independent of the rheological properties of the fluids, 
as no statistically significant differences (Newtonian fluids 
compared Boger fluids, p = 0.554; shear thinning fluids com-
pared Boger fluids, p = 0.786) were noted for the velocity of 
the contraction wave while performing measurement with 
the UVP. Similar observations were noted in the XVF tech-
nique (Newtonian fluids compared Boger fluids, p = 0.665; 
shear thinning fluids compared Boger fluids, p = 0.696) as 
shown in Fig. 5 and Table 2.
Furthermore, there was no significant difference in the 
measured mean velocities between the XVF and UVP 
methods for the different fluids (Newtonian fluid, p = 0.083; 
Boger fluid, p = 0.114 and shear thinning fluid, p = 0.143).
Overall, most of the results for the velocity of the con-
traction wave showed statistically non-significant differ-
ences with respect to the fluid rheological properties, as is 
expected for normal individuals.
Discussion
In the UVP technique, slightly higher velocities were noted 
due to the higher resolution of this method compared to 
video-fluoroscopy analysis, which recorded the videos only 
at16 fps.
The shear thinning boluses travelled with higher veloci-
ties in most cases. As the viscosity of a shear thinning fluid 
decreases with increasing shear rate, it travels with a faster 
velocity. Thickened fluids always demonstrate shear thin-
ning behaviour [5, 6, 24]. The Power-law rheological model 
describes this behaviour as:
where σ, η, γ ̇, K, and n are the shear stress, apparent viscos-
ity, shear rate, consistency index, and flow index expres-
sions, respectively. The degree of shear thinning is repre-
sented by the “n” value. Thus, a Newtonian fluid has n = 1, 
while n < 1 indicates the extent of shear thinning in the fluid. 
The shear rate increases substantially during pharyngeal 
𝜎 = K(?̇?)n or 𝜂 = K?̇?n−1,
Table 2  Multivariable analysis 
with mean differences in 
velocity (m/s) and contraction 
wave speed for each fluid and 
technique
UVP ultrasound velocity profiling, XVF X-ray video-fluoroscopy
Velocity (m/s) Velocity of contraction wave speed 
(m/s)
Parameter Estimate (95% CI) p value Estimate (95% CI) p value
Technique: UVP
 Newtonian fluids 0.043 (− 0.199 to 0.285) 0.722 0.013 (− 0.030 to 0.055) 0.554
 Shear thinning fluids 0.092 (− 0.158 to 0.341) 0.462 0.006 (− 0.037 to 0.048) 0.786
 Boger fluids Reference Reference
Technique: XVF
 Newtonian fluid  − 0.036 (− 0.277 to 0.206) 0.768 0.009 (− 0.033 to 0.052) 0.665
 Shear thinning fluid 0.119 (− 0.122 to 0.361) 0.325 0.008 (− 0.034 to 0.051) 0.696
 Boger fluid Reference Reference
Technique: XVF compared to UVP
 Newtonian fluid: XVF  − 0.234 (− 0.476 to 0.007) 0.057  − 0.037 (− 0.080 to 0.005) 0.083
 UVP Reference Reference
 Shear thinning fluid: XVF  − 0.128 (− 0.378 to 0.121) 0.306  − 0.031 (− 0.074 to 0.011) 0.143
 UVP Reference Reference
 Boger fluid: XVF  − 0.156 (− 0.397 to 0.086) 0.201  − 0.034 (− 0.076 to 0.009) 0.114
 UVP Reference Reference
 
Fig. 5  Velocities of the contraction waves measured in the subjects 
for the three different fluids using XVF and UVP. The values shown 
are the averages of three replicate measurements from three subjects. 
N Newtonian fluid, B Boger fluid, ST shear thinning fluid
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bolus transport and especially in the lower part of the phar-
ynx, as shown previously [13]. This explains why higher 
velocities were noted in the shear thinning samples with 
both of the techniques applied in the present work. The dif-
ferences between the velocities of the different fluids were, 
however, not statistically significant due to many factors, 
including the use of normal subjects, a lower number of 
replications, and overall fewer differences in the viscosities 
of the tested model fluids. The differences in the flow index 
n between the different fluids were inevitably small (Newto-
nian fluid, n = 0.92 ± 0.07: Boger fluid, n = 0.88 ± 0.01; and 
shear thinning fluid, n = 0.68 ± 0.08), as the contrast media 
had to be mixed in appreciable amounts so as to achieve 
good visualisation during XVF.
In a Boger fluid, as opposed to the corresponding New-
tonian counterpart, contraction is expected to yield a slower 
flow (due to the elastic component of the Boger fluid) as 
well as to contribute to the cohesiveness of the bolus and, 
thereby, safe swallowing. The elasticity could also have the 
advantage of avoiding post swallow residues. These arise 
from the extra effort required to push a bolus of high vis-
cosity during pharyngeal transport that is known to create 
residues [25, 26]. In the current study, non-significant dif-
ferences in the velocities were observed between the Boger 
and Newtonian fluid. This may be attributed to the healthy 
subjects’ ability to compensate for the different fluid rhe-
ologies, as discussed in detail in a previous study [27]. We 
speculate that the effect of elasticity is more pronounced in 
individuals who are suffering from dysphagia.
The overall velocities recorded here were higher than 
those reported previously (0.1–0.5 m/s by [3, 22, 28, 29]), 
due to the lower viscosities of the fluids used in the current 
study. The US probe used in this work was directed and the 
velocities were measured in the lower pharynx, as it was 
easy to measure in that region of the pharynx in this prelimi-
nary study with the settings obtained from the initial trial-
and-error experiments. In the future, the velocities will be 
assessed throughout the entire pharyngeal region and using 
both the in vivo and in vitro analyses.
During pharyngeal swallowing, the main bolus flow is 
followed by the ridge-like contraction wave so as to clear 
the pharynx [30, 31]. The velocity of this contraction wave 
is almost constant (since it is under neural control from 
the brainstem), independent of the subjects tested, as pro-
posed previously [32] in a study performed on ten healthy 
subjects who swallowed barium contrast media (60% w/v). 
In that study, it was hypothesised that the contraction 
wave velocity should be independent of the rheological 
properties of the fluid as the subjects that participated in 
the study were healthy. In the above-mentioned previous 
study [32], which was performed on healthy subjects, the 
velocity of the contraction wave varied within the range 
of 130–170 mm/s, which is similar to the velocity of the 
contraction wave recorded here by the UVP method, that 
is within the range of 148–191 mm/s. Due to the lower 
resolution (16 fps) of the video-fluoroscopy, lower veloci-
ties were recorded (range 110–133 mm/s).
Overall, the results show that for the three fluids exam-
ined, the UVP method recognises the independence of the 
contraction wave velocity as well if not better than XVF.
This work was initially aimed at investigating the possi-
bility of using the non-invasive UVP technique for assess-
ment of pharyngeal bolus transport, with comparison to 
XVF. Importantly, UVP can detect the initial pharyngeal 
movement, prior to bolus entry into the pharynx (not dis-
cussed in detail in this study). We found these initial pre-
paratory movements to be very different in terms of fluid 
rheology, which probably reflects the ability of the body 
to compensate and adjust the swallowing effort in response 
to a specific fluid rheology. Furthermore, with the UVP 
system used in this work, the velocity distribution in the 
entire pharyngeal cavity can be measured, which allows 
calculation of the shear rate in the human pharynx. The 
shear rates for some individual swallows were > 1000 s−1 
in the lower pharynx examined here. A discussion of the 
shear rate is avoided in this work as this was not the major 
aim of this study; a separate publication will discuss this 
aspect. Furthermore, it is planned that the present study 
will be extended to include patients who are suffering from 
dysphagia.
Conclusion
In this work, we show that the UVP technique can be used to 
examine non-invasively the swallowing process, without the 
addition of contrast media. The UVP technique accurately 
detects and measures the velocities of fluids with different 
rheological properties. In addition, the structural changes that 
occur in the pharynx, such as the clearance wave following the 
bolus tail, were correctly detected by the UVP technique, as 
compared with the Gold standard method. Therefore, UVP in 
combination with XVF can be used to analyse the deglutition 
process in much more detail than is possible with XVF alone.
Acknowledgements Open access funding provided by Chalmers Uni-
versity of Technology. We are thankful to The Swedish Research Coun-
cil, Formas for financially supporting this project.
Funding Funding was provided bt Svenska Forskningsrådet Formas 
(Grant Number 222-2014-681).
Compliance with Ethical Standards 
Conflict of interest Author 4 (Mats Stading) has received funding for 
this project. None of the authors have any conflict of interest to declare.
 W. M. Qazi et al.: Simultaneous X-ray Video-Fluoroscopy and Pulsed Ultrasound Velocimetry
1 3
Ethical Approval This study involved human subjects. All the proce-
dures that involved human participants were performed in accordance 
with standards set by the Swedish Research Ethical Review Author-
ity and with the 1964 Helsinki Declaration and its later amendments. 
Ethics Committee approval number: Dnr. 2019-00435 (2018/1042).
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
References
 1. Newman R, Natàlia V, Clavé P, Speyer R. Effect of bolus viscosity 
on the safety and efficacy of swallowing and the kinematics of the 
swallow response in patients with oropharyngeal dysphagia: white 
paper by the European Society for Swallowing Disorders (ESSD). 
J Dysphagia. 2016;31(2):232–49.
 2. Moret-Tatay A, Rodríguez-García J, Martí-Bonmatí E, Hernando 
I, Hernández MJ. Commercial thickeners used by patients with 
dysphagia: rheological and structural behaviour in different food 
matrices. Food Hydrocolloids. 2015;51:318–26.
 3. Tashiro A, Hasegawa A, Kohyama K, Kumagai H, Kumagai H. 
Relationship between the rheological properties of thickener solu-
tions and their velocity through the pharynx as measured by the 
ultrasonic pulse Doppler method. Biosci Biotechnol Biochem. 
2010;74(8):1598–605.
 4. Clavé P, DE Kraa M, Arreola V, Girvent M, Farré R, Palom-
era E, Serra-prat M. The effect of bolus viscosity on swallowing 
function in neurogenic dysphagia. J Aliment Pharmacol Ther. 
2006;24(9):1385–94.
 5. Chen FJ, Dirven S, Xu WL, Bronlund J, Li XN, Pullan A. Review 
of the swallowing system and process for a biologically mimick-
ing swallowing robot. Mechatronics. 2012;22(5):556–67.
 6. Nystrom M, Qazi WM, Bulow M, Ekberg O, Stading M. Effects of 
rheological factors on perceived ease of swallowing. Appl Rheol. 
2015;25(6):40–8.
 7. Chen J, Lolivret L. The determining role of bolus rheology in 
triggering a swallowing. Food Hydrocolloids. 2011;25(3):325–32.
 8. Steele CM, Alsanei WA, Ayanikalath S, Barbon CE, Chen J, 
Cichero JA, Coutts K, Dantas RO, Duivestein J, Giosa L, Hanson 
B. The influence of food texture and liquid consistency modifica-
tion on swallowing physiology and function: a systematic review. 
J Dysphagia. 2015;30(1):2–26.
 9. Popa Nita S, Murith M, Chisholm H, Engmann J. Matching the 
rheological properties of videofluoroscopic contrast agents and 
thickened liquid prescriptions. J Dysphagia. 2013;28(2):245–52. 
https ://doi.org/10.1007/s0045 5-012-9441-x.
 10. S. Mowlavi, J. Engmann., A. Burbidge., R. Llyod., P. Hayoun., 
B. Reverand., and M. Ramaioli. In vivo observations and in vitro 
experiments on the oral phase of swallowing of Newtonian and 
shear-thinning liquids. J Biomech, 2016. 49(16): p. 3788–3795.
 11. Steele CM. The blind scientists and the elephant of swallowing: 
a review of instrumental perspectives on swallowing physiology. 
J Texure Stud. 2015;46(3):122–37.
 12. Gallegos C, Quinchia L, Ascanio G, Salinas-Vázquez M, Fuente 
BE. Rheology and dysphagia: an overview. Ann Trans Nord Rheol 
Soc. 2012;20:3–10.
 13. Salinas-Vázquez M, Vicente W, Fuente BE, Gallegos C, Márquez 
J, Ascanio G. Early numerical studies on the peristaltic flow 
through the pharynx. J Texture Stud. 2014;45(2):155–63.
 14. Koliandris, A.-L., E. Rondeau, L. Hewson, J. Hort, J. T. Andrew, 
J. Cooper-White and B Wolf. Food grade Boger fluids for sensory 
studies. Appl Rheol. (2011) 21: 26.
 15. Qazi WM, Wiklund J, Ekberg O, Stading M. A swallowing model 
for efficient food product development, in The Materials Science 
Graduate Student Days 2016(February), pp. 23–24, Gothenburg. 
Sweden. 2016;2016:38.
 16. Wiklund J, Shahram I, Stading M. Methodology for in-line rheol-
ogy by ultrasound Doppler velocity profiling and pressure differ-
ence techniques. Chem Eng Sci. 2007;62(16):4277–93.
 17. Wiklund J, Stading M. Application of in-line ultrasound Doppler-
based UVP–PD rheometry method to concentrated model and 
industrial suspensions. Flow Meas Instrum. 2008;19(3–4):171–9.
 18. Hasegawa A, Otoguro A, Kumagai H, Nakazawa F. Velocity of 
swallowed gel food in the pharynx by ultrasonic method. Nippon 
Shokuhin Kagaku Kogaku Kaishi. 2005;52(10):441–7.
 19. Gao Z, Kohyama K. Ultrasound pulsed wave Doppler imaging 
of the esophagus illustrates the effects of water volume on Bolus 
kinematics. J Texture Stud. 2014;45(5):335–43.
 20. Stading M, Bohlin L. Contraction flow measurements of exten-
sional properties. Annu Trans Nord Rheol Soc. 2001;8:181–6.
 21. Wikström K, Bohlin L. Extensional flow studies of wheat flour 
dough. I. Experimental method for measurements in contraction 
flow geometry and application to flours varying in breadmaking 
performance. J Cereal Sci. 1999;29(3):217–26.
 22. Alsanei WA, Chen J. Studies of the oral capabilities in relation to 
bolus manipulations and the ease of initiating bolus flow. J Texture 
Stud. 2014;45(1):1–12.
 23. Rosen SP, Jones CA, McCulloch TM. Pharyngeal swallow-
ing pressures in the base-of-tongue and hypopharynx regions 
identified with three-dimensional manometry. Laryngoscope. 
2017;127(9):1989–95.
 24. Mackley MR, Tock C, Anthony R, Butler SA, Chapman G, Vadillo 
DC. The rheology and processing behaviour of starch and gum-
based dysphagia thickeners. J Rheol. 2013;57(6):1533–53.
 25. Vilardell N, Rofes L, Arreola V, Speyer R, Clave P. A compara-
tive study between modified starch and xanthan gum thickeners in 
post-stroke oropharyngeal dysphagia. J Dysphagia. 2016;31:169. 
https ://doi.org/10.1007/s0045 5-015-9672-8.
 26. Steele CM, Molfenter SM, Péladeau-Pigeon M, Pollaco RC, Yee 
C. Variations in tongue-palate swallowing pressures when swal-
lowing xanthan gum-thickened liquids. J Dysphagia. 2014;29:678. 
https ://doi.org/10.1007/s0045 5-014-9561-6.
 27. Pouderoux P, Kahrilas PJ. Deglutitive tongue force modulation 
by volition, volume, and viscosity in humans. Gastroenterology. 
1995;108(5):1418–26.
 28. Zhu J, Mizunuma H, Michiwaki Y. Determination of characteristic 
shear rate of a liquid bolus through the pharynx during swallow-
ing. J Texture Stud. 2014;45(6):430–9.
 29. Chang MW, Rosendall B, Finlayson BA. Mathematical modeling 
of normal pharyngeal bolus transport: a preliminary study. J Reha-
bil Res Dev. 1998;35(3):327.
 30. Mashimo GA. Physiology of oral, pharyngeal, and esophageal 
motility. GI Motility online, 2006.
W. M. Qazi et al.: Simultaneous X-ray Video-Fluoroscopy and Pulsed Ultrasound Velocimetry
1 3
 31. Bülow M, Olsson R, Ekberg O. Videomanometric analysis of 
supraglottic swallow, effortful swallow, and chin tuck in healthy 
volunteers. J Dysphagia. 1999;14(2):67–72.
 32. Olsson R, Kjellin O, Ekberg O. Videomanometric aspects of phar-
yngeal constrictor activity. J Dysphagia. 1996;11(2):83–6.
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
Waqas M. Qazi PhD
Olle Ekberg PhD, MD
Johan Wiklund PhD
Rashid Mansoor PhD
Mats Stading PhD
